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10

Abstract

11

Over the past decade or so, there have been major advances in the development of 3D

12

printing technology to create innovative food products, including for printing foods in

13

homes, restaurants, schools, hospitals, and even space flight missions. 3D food printing has

14

the potential to customize foods for individuals based on their personal preferences for

15

specific visual, textural, mouthfeel, flavor, or nutritional attributes. Material extrusion is

16

the most common process currently used to 3D print foods, which is based on forcing a

17

fluid or semi-solid food “ink” through a nozzle and then solidifying it. This type of 3D

18

printing application for space missions is particularly promising because a wide range of

19

foods can be produced from a limited number of food inks in a confined area. This is

20

especially important for extended space missions because astronauts desire and require a

21

variety of foods, but space and resources are minimal. This review highlights the potential

22

applications of 3D printing for creating custom-made foods in space and the challenges that

23

need to be addressed.

24

Keywords: 3D printing; additive manufacturing; food; space; astronauts
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26

Introduction

27

The concept of three-dimensional printing (3D Printing, 3DP), also known as additive

28

manufacturing, was first developed more than three decades ago (Gibson, Rosen, and Stucker

29

2015). 3DP is the process of creating a physical object by laying down multiple layers of a

30

material in succession, typically assisted by a three-dimensional digital model. The initial

31

applications of this technology were mainly in the printing of synthetic substances, such as

32

plastics and metals, to create custom-made innovative materials with novel properties. 3DP has

33

also been applied in the medical field to assemble artificial organs or tissues from living cells,

34

such as skin and hearts (Gu et al. 2020). A recent example of this approach has been the 3DP of

35

personal protective equipment (PPE), such as face masks and shields, for medical professionals

36

combating the coronavirus pandemic (Erickson et al. 2020; Tino et al. 2020; Wesemann et al.

37

2020). Recently, 3DP has been finding increasing applications in the food industry (Liu et al.

38

2017). This technology can create foods with specific appearances, textures, flavors, and

39

nutritional profiles. Recent advancements in automation and computation have led to affordable

40

commercial 3D printers that consumers can utilize at home to create customized food products

41

(Lansard 2020).

42

In general, 3D printers are based on several different technologies. However, only a few of them

43

are suitable for food printing applications due to the unique physicochemical attributes of foods

44

and food ingredients, as well as the costs involved. Specifically, the material extrusion technique

45

is the most common method used in commercial 3D food printers. A major focus of researchers

46

in this area of 3D food printing has been on developing a range of standardized raw materials

47

that can be used to fabricate food inks, such as hydrocolloid solutions, emulsions, and
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48

crystallizing lipids, to increase the versatility of the technique (Yang, Zhang, and Bhandari

49

2017).

50

3D food printing has several potential advantages for some applications, including customizable

51

food production, reduced manufacturing costs, reduced food transport requirements, reduced

52

packaging needs, and a lower environmental impact (Chen 2016; Liu et al. 2017; Jia et al. 2016).

53

For instance, food inks could be shipped as a paste or a powder that is added to the device prior

54

to printing. 3D printing may also reduce post-harvest and post-processing food waste and can

55

increase the shelf life of foods (Galdeano 2015). This use of 3DP may also be used to improve

56

the sustainability of the food supply by creating high-quality foods from alternative protein

57

sources (such as plants, microbes, or insects) rather than using proteins from animal sources

58

(such as meat, fish, eggs, or milk) (Severini, Azzollini, et al. 2018; Feng, Zhang, and Bhandari

59

2019). Moreover, 3DP can be used to create foods with nutritional profiles tailored to an

60

individual’s specific needs, which is important for personalized nutrition applications.

61

Furthermore, 3D food printing could facilitate long-term space expeditions by increasing food

62

diversity, improving food quality, reducing storage requirements, and extending shelf life

63

(Derossi et al. 2018; Severini, Azzollini, et al. 2018; Sun et al. 2018).

64

This article aims to provide an overview of currently available 3D food printing technologies and

65

opportunities. In particular, we discuss different 3D printing approaches, the parameters that

66

affect 3D food printing, and the formulation of food inks. Additionally, we provide a

67

comprehensive overview of current applications of 3D food printing, the future opportunities and

68

challenges for its application in personalized nutrition and long-term space missions.
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69
70

3D Printing Processes
The 3DP processes currently available can be grouped into seven main categories: vat

71

photopolymerization, material jetting, binder jetting, powder bed fusion, material extrusion,

72

directed energy deposition, and sheet lamination (Calignano et al. 2017; Gibson, Rosen, and

73

Stucker 2015; vs. SLA vs. SLS 2020; “Additive Manufacturing Research Group | Loughborough

74

University”; Dassault Système). However, the material extrusion approach is the most suitable

75

for food applications based on material properties and costs. It should be noted, however, that

76

research has also been conducted on the use of powder bed fusion, material jetting, and binder

77

jetting to form certain kinds of foods. In this section, we briefly discuss different kinds of 3DP

78

processes and their potential applications in 3D food printing. Table 1 shows a side-by-side

79

comparison of important 3DP techniques used for food printing.

80

Material Jetting

81

Material jetting processes dispense droplets that contain photopolymers that are then cured by

82

UV light (Figure 1A). The material jetting process has similar features to 2D inkjet printing

83

because both fire ink dots of ink at the target at a continuous interval or on-demand to create a

84

final product. Some of the potential advantages of material jetting include high precision

85

printing; the capability of printing layers less than 20 microns thick; and the ability to print

86

different materials and colors simultaneously with a smooth surface finish. However, material

87

jetting printers are typically expensive, require a long time to print an object, and use

88

photopolymers that can undergo degradation and deformation over time, thereby reducing their

89

mechanical properties. Currently, this method has been widely used to create realistic anatomical

90

models for training in the medical field.
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91

Material jetting may be utilized to print foods, which is typically carried out either as continuous

92

jet printing or drop-on-demand printing. The material jetting technique is capable of printing low

93

viscosity materials, which makes it challenging to maintain the final 3D structure of the food

94

object. For this reason, it is primarily used for producing 2D images on the surfaces of foods, for

95

instance, printing icing on a cake or patterns on edible films or coatings. The compatibility

96

between ink and substrate surface, viscosity and other rheological properties of the ink,

97

temperature and printing rate are important printing parameters that significantly affect the

98

printing precision and accuracy of objects produced using this approach. The contact angle, a

99

quantitative measurement of the ability of a liquid to maintain contact with a surface, is

100

important for the compatibility and adhesion between the ink and the surface and should be less

101

than 30°. For good deposition and surface compatibility, the viscosity of the ink should be

102

between about 2.8 to 6 mPa.s and the surface tension should be below 3.5 x 10-6 N/m (Liu et al.

103

2017). FoodJet is an example of a commercial 3D food printer that is based on this principle,

104

which has been used for creating patterns on the surfaces of foods. This type of printer uses

105

various food materials as food inks, including chocolate, butter, cream, doughs, batters, sauces,

106

purees jams, and jellies (“FoodJet” 2020). The process involves inkjet depositors situated over a

107

product line and depositing the food ink onto the food as it passes on a conveyer belt (Molitch-

108

Hou 2020).

109

Binder Jetting

110

Binder jetting is a non-thermal process that uses a liquid binding agent deposited onto a platform

111

to bond layers of powder material together (Figure 1B). It is often used to print powdered metals,

112

sands, and ceramics. Due to the relatively weak bonds formed between the particles, binder
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113

jetted materials tend to have relatively weak mechanical properties. For this reason, the objects

114

produced using binder jetting often require post-processing to increase their mechanical strength.

115

The binder jetting process does not involve heat, which reduces the stresses on thermally labile

116

materials. Binder jetting for printing metal may be 10-fold more economical than other 3D

117

printing processes. For this reason, it has found widespread utilization in some industries to

118

replace metal injection molding.

119

The binder jetting approach can also be used to print foods using edible powdered materials

120

(such as sugar, starch, or cornflour) and edible liquid binders (such as sugar solutions or xanthan-

121

based binders) that hold the powder particles together within the 3D structure formed (Holland et

122

al. 2018b). The nature of the materials produced using this process is therefore greatly dependent

123

on the properties of the powdered material, the liquid binder used, as well as the operating

124

conditions used. The binder must have suitable viscosity, surface tension, and density to prevent

125

it from spreading from the nozzle after injection. The particle size, flowability, bulk density, and

126

wettability of the powder material all affect the precision and accuracy of the final printed

127

objects. It is particularly important that the powder can flow freely without clumping or caking.

128

Additionally, the wettability of the powder surfaces is also a critical property affecting the

129

overall print quality. If the wettability is too low, then the binding is poor, which affects the

130

structural integrity of the object formed. Conversely, if the wettability is too high, then the

131

resolution and precision of the printed object may be poor. Researchers have reported that a

132

powder moisture content below 6% and an angle of repose less than 30° were also important for

133

producing high-quality printed objects using this approach (Liu et al. 2017). Processing

134

parameters such as head types, printing velocity, droplet path, nozzle diameter, layer thickness,
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135

and resonance frequency of the head have also been reported to play a role in the resolution of

136

the printed object and, therefore, should be considered for optimization.

137

Edible objectives have been produced using this method using semi-crystalline cellulose as a

138

powder and a xanthan gum solution as a liquid binder (Holland et al. 2018a). The cellulose

139

powder was ball-milled to reduce the particle size and dried to different relative humidity levels.

140

Xanthan gum solutions were prepared using different solvents, including pure water, ethanol,

141

and a non-ionic surfactant (Tween 20). The quality of the printed objects formed depended

142

strongly on the chain length of the xanthan gum molecules used, with smaller polymers

143

improving the print quality. The relative humidity and temperature were controlled to

144

recrystallize the objects after printing. Additionally, the rheological properties, surface tension,

145

and material density were manipulated to create desirable printable materials. Sugar Lab® prints

146

unique treats using the binder jetting method in a commercial application. The process includes

147

adding water to the dry ingredients such as sugar and maltodextrin to create a type of fondant

148

(“The Sugar Labs”). Here water, glycerol, and ethanol are mixed to form the liquid binder, while

149

sugar, maltodextrin and a gum blend form the powder base. Powder and liquid binder are jetted

150

in alternating layers, building up a print. Binder jetting offers the ability to create complex and

151

innovative food prints using simple ingredients, although there are still many areas to explore

152

with binder jetting technology (“The Sugar Labs”; Holland et al. 2018a).

153

Powder Bed Fusion

154

The powder bed fusion process uses either a laser or an electron beam to melt and fuse powdered

155

materials (Figure 1C). This printing technique can create complex material geometries due to its

156

high precision. However, PBF printers can be expensive and time-consuming due to the need for
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157

preheating, vacuum generation and cooling periods during each print. Many methods such as

158

electron beam melting (EBM), selective heat sintering (SHS), and selective laser melting (SLM)

159

can be categorized as PBF processes, but the latter is the most commonly used technology. In

160

non-food applications, Powder Bed Fusion techniques are used to print specialized parts with

161

high precision in industrial manufacturing operations.

162

3D printers with PBF technology can be used for food printing using powdered materials such as

163

sugar, fat, or starch granules (Liu et al. 2017). However, it is still not widely used for research or

164

commercial applications. The precision and accuracy of foods produced using the PBF process

165

depend on the powdered materials' particle size, flowability, bulk density, and wettability of the

166

powdered materials (Godoi, Prakash, and Bhandari 2016). Moreover, the operating conditions,

167

such as laser type, diameter, power, and scanning speed also play an important role. A

168

commercial organization, CandyFab has investigated the viability of PBF as a food printing

169

technology by printing pure sugar using a selective hot air sintering and melting process. The hot

170

air caused the sugar crystals to melt and then sintered together, creating edible 3D objects (Table

171

2). More research needs to be conducted to explore further the applications of Powder Bed

172

Fusion techniques in specialty food manufacturing.

173

Material Extrusion

174

Material extrusion is the most popular 3DP process utilized for research and commercial

175

applications due to its ease of use and affordability. In a typical material extrusion 3DP, a nozzle

176

extrudes material, normally using thermal energy, on a platform and builds the object layer-by-

177

layer with each layer fusing to the one below it (Figure 1D). For non-food applications, common
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178

printing inks for material extrusion 3DP include to create replacement parts for home-goods

179

applications, industrial manufacturing prototypes, and biomaterials in the medical field.

180

Material extrusion is currently the most commonly researched 3DP technology for food printing

181

because a wide variety of food ingredients can be used as suitable food inks. The most widely

182

researched food inks for food applications include hydrogels, sugar frostings, cheeses, and

183

chocolate due to their ability to extrude smoothly through the syringe and then hold their shape

184

after printing (Sun, Peng, Yan, et al. 2015). Foods printed from such materials have been

185

customized for their taste, texture, and nutritional profiles. In some cases, foods can be created

186

without the need for any additional post-printing processing steps prior to consumption. In other

187

cases, it may be necessary to use additional processing steps, such as heating or chilling, to

188

obtain the final food. Extrusion is often used to produce foods with relatively simple structures

189

(such as snacks and desserts), but it is more difficult to make foods with complex structures

190

(such as meat, fish, fruit, or vegetables) (Lille et al. 2018; Derossi et al. 2018; Keerthana et al.

191

2020). It is often necessary to include additives that enhance their textural attributes for relatively

192

firm food materials. For instance, meat purees can be hardened after printing by using the

193

enzyme transglutaminase to crosslink proteins (Lipton 2010). Similarly, mashed potatoes with

194

the required textures can be produced by including additional potato starch in the formulation

195

(Liu et al. 2018). The textural attributes of fish surimi gels were improved by adding NaCl to

196

promote protein crosslinking (Wang et al. 2018). Moreover, the texture and stability of 3D

197

printed fruit-puree-based snacks have been improved by utilizing pectin in the formulation

198

(Derossi et al. 2018).
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199

Several rheological attributes of food inks must be optimized for the production of high-quality

200

3D printed foods, including their shear viscosity, consistency index, flow behaviour index,

201

melting temperature, gelling temperature, elastic modulus, and yield stress (Yang et al. 2018;

202

Pérez et al. 2019). In particular, the shear modulus of a food ink after printing influences the

203

shape of the objects produced, whereas the yield stress and elastic modulus influence the

204

structural integrity and resolution after printing (H. W. Kim, Bae, and Park 2017). Successful 3D

205

food printing also depends on optimizing operating parameters, such as nozzle moving speed,

206

extrusion rate, nozzle diameter, layer height, nozzle height, and temperature (Pérez et al. 2019).

207

The nozzle moving speed is one of the most important printing parameters as it directly

208

influences print quality, as well as printing time. The extrusion rate is usually governed by the

209

rheological and other physiochemical properties of the food ink and the printer's design. The

210

extruder nozzle diameter also affects the print quality and production time: the smaller the

211

nozzle, the higher the resolution, but the longer the printing time. Optimizing layer height and

212

printing height is critical to achieving good print quality. In general, increased height reduces

213

print quality but increases printing speed. Finally, the extruder’s temperature influences the

214

rheology of the food ink, altering its extrusion and setting behaviour. Overall, optimizing all the

215

printing conditions is important to obtain a good compromise between print quality and

216

production time.

217

Several food ingredients exhibit material properties that make them suitable for application as

218

food inks. Researchers have investigated a variety of food ingredients for their potential to

219

produce food inks suitable for material extrusion printing, including animal proteins, plant

220

proteins, fruit purees, vegetable purees, starches, and emulsions (Derossi et al. 2018; Lille et al.
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221

2018; Dankar, Pujolà, et al. 2018; Hamilton, Alici, and in het Panhuis 2018; H. W. Kim, Bae,

222

and Park 2017; Le Tohic et al. 2018; Wang et al. 2018; Liu et al. 2018; Severini, Derossi, et al.

223

2018). Gelatin has been widely utilized for this purpose because of its ability to form low

224

viscosity fluids at high temperatures and form hydrogels at low temperatures (Rapisarda et al.

225

2018). Potato starch can produce semi-solid edible materials with textures like mashed potatoes

226

when used at an optimum concentration. One study reported that 2% potato starch was optimum

227

for 3D printing purposes: a lower concentration meant that the material did not hold its shape

228

after printing. In comparison, a higher concentration indicated that it could not be extruded (Liu

229

et al. 2018). Rheological properties, such as yield stress, consistency index, and elastic modulus,

230

have been identified as necessary for potato starch-based inks (Pérez et al. 2019).

231

Miscellaneous Processes

232

Apart from the 3DP processes discussed above, sever other approaches have also been developed

233

for 3D print materials. Vat photopolymerization processes use a narrow heat source (mainly UV

234

lasers) that is direct into vats, or tanks, of liquid photopolymer resin to selectively cure materials

235

layer by layer (Figure 2A). Currently, the Vat photopolymerization technique is most commonly

236

used for medical modelling, especially in dentistry; however, it has somewhat limited application

237

for food printing. Directed energy deposition (DED) is another 3D printing technique where the

238

material is melted as it’s being deposited via a laser or electron beam. (Figure 2B). DED is

239

generally fast and can handle large print areas at the cost of resolution. It is one of the more

240

complex processes and is mainly used to repair or add additional material to existing

241

components. This type of 3D printing is likely to be unsuitable for food applications. Sheet

242

lamination is rarely used in the 3D printing process that uses sheets of material bound together
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243

(Figure 2C). It is less accurate but relatively fast and inexpensive. Laminated object

244

manufacturing (LOM) uses paper as its material and adhesive as its binding agent. Other sheet

245

lamination technologies use metal sheets as materials and lasers to bind them. Neither of these

246

technologies is currently used for 3D food printing.

247

Edible Inks for 3D Printing

248

One of the most important factors impacting the successful application of 3DP for the fabrication

249

of food products is the availability of food inks with the required functional attributes. 3D

250

printers based on extrusion are currently the most suitable for broad application within the food

251

industry, so we focus on them here. A 3D ink must be capable of flowing through a nozzle but

252

then solidifying after it has been deposited onto a surface and creating a robust structure to

253

support the weight of the subsequent layers (Sun et al. 2018; Joshi and Sheikh 2015). Only a

254

limited number of food materials exhibit this kind of behaviour while also having the desirable

255

organoleptic and nutritional properties. This section provides a brief overview of some of the

256

most important food components that can create food inks.

257

Composition

258

In general, foods are comprised of water, carbohydrates, lipids, proteins, minerals, vitamins, and

259

additives (such as colors, flavors, and preservatives). Edible 3D inks capable of flowing through

260

a nozzle and then solidifying can be created using a combination of these ingredients. Lipids are

261

a diverse group of organic compounds that are typically insoluble in water but soluble in certain

262

organic solvents. In foods, triglycerides, which consist of three fatty acids attached to a glycerol

263

molecule, are the most common type of edible lipid. The fatty acids in triglycerides vary in the
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264

number of carbon atoms and the number and position of double bonds they contain, as well as

265

their position on the glycerol backbone, which impacts the physicochemical and nutritional

266

profile of lipids. Food inks can be formulated from bulk or emulsified lipids.

267

In the case of bulk lipids, it is important that triglycerides with an appropriate melting profile are

268

selected, i.e., a solid fat content versus temperature profile. Typically, the triglycerides should be

269

fluid inside the nozzle but crystallize after printing to form a 3D network of aggregated fat

270

crystals that give a semi-solid texture. This can be achieved using a nozzle held at a temperature

271

above the melting point of the triglycerides but then having a printing platform at a temperature

272

below the melting point. After deposition, it may be important to control the size, number, and

273

interactions of the fat crystals formed, as this determines the optical and mechanical properties of

274

the material (Pérez et al. 2019). Chocolate is often 3D printed using this approach, known as hot-

275

melt extrusion. The triglycerides in cocoa butter crystallize into six primary polymorphic forms

276

(I to VI), which influences the properties of the printed solidified material (Godoi, Prakash, and

277

Bhandari 2016; Pérez et al. 2019). Moreover, the polymorphic form may change after printing,

278

altering the printed chocolate's surface gloss, texture, taste, and shelf life (Pérez et al. 2019).

279

Researchers have reported that controlling the cooling profile of printed chocolate is critical for

280

creating self-supporting layers with desirable quality attributes (Molitch-Hou 2020; Yang,

281

Zhang, and Bhandari 2017; Godoi, Prakash, and Bhandari 2016; Pérez et al. 2019; Lanaro et al.

282

2017; Lanaro, Desselle, and Woodruff 2018).

283

In the case of emulsified lipids, the triglycerides can be converted into an oil-in-water emulsion.

284

Then solidification can be achieved after printing using a gelling agent such as gelatine in the

285

aqueous phase. This would produce a fluid emulsion at high temperatures but semi-solid below
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286

the gelling point of the gelatin. Alternatively, a highly concentrated emulsion could be used that

287

exhibits plastic-like behavior. As a result, it can flow through the nozzle when high pressure is

288

applied (above the yield stress) but will form a solid after printing when the pressure is reduced.

289

High internal phase emulsions are particularly suitable for this purpose because the droplets are

290

so closely packed together that they give strong semi-solid behaviour. The 3D printing of

291

mashed potatoes is another example of this approach. As mentioned earlier, researchers found

292

that mashed potatoes tended to sag after 3D printing, but this effect could be avoided by adding

293

2% potato starch to increase their yield stress (Liu et al. 2018).

294

Other food hydrocolloids, such as proteins and polysaccharides, can be gelled by altering

295

solution composition or environmental conditions (Gu et al. 2020). For example, gelatin, agar,

296

and carrageenan can form gels when cooled below a specific temperature (cold setting). In

297

contrast, biopolymers, such as methylcellulose, egg protein, and whey protein, can form gels

298

when heated above a specific temperature (heat-setting). This type of food ink may therefore be

299

induced to go from fluid in the injector to a semi-solid on the printing platform by controlling the

300

temperature of the nozzle and platform. In these cases, the sol-gel transition temperatures and

301

final gel properties (such as appearance, texture, and water holding) are important factors to

302

consider.

303

Some food biopolymers can be made to form gels in the presence of gelling agents, e.g.,

304

alginate forms gels in the presence of calcium, carrageenan in the presence of potassium (Godoi,

305

Prakash, and Bhandari 2016), and proteins in the presence of some salts and transglutaminase

306

(Wang et al. 2018). In these cases, it is possible to co-extrude the gelling biopolymer and gelling

307

agent together to induce gelation using coaxial nozzles (Ko et al., 2021). For instance, an
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308

alginate solution can be extruded through the inner nozzle. In contrast, a calcium solution is

309

simultaneously extruded through the outer nozzle, which is designed to ensure rapid crosslinking

310

during printing to increase the final print quality (Gu et al., 2020). Several researchers have

311

explored the application of coaxial printing with edible materials (Gu et al. 2020; Ko et al. 2021;

312

Jeon et al. 2021; S. M. Kim, Kim, and Park 2021). For instance, it has been used to create

313

imitation crab meat from surimi and potato starch (S. M. Kim, Kim, and Park 2021) and to

314

develop structures that simulate muscle fibers using various hydrocolloids (Ko et al. 2021). It

315

should be noted again that the biopolymer and ion types and concentrations must be carefully

316

controlled to obtain a 3D ink with the appropriate flow and gelation properties.

317

Printing Factors

318

The printability of a material relates to its ability to be handled and deposited by the

319

printer and maintain its structure after printing (Godoi, Prakash, and Bhandari 2016). One of the

320

most important factors influencing the printability of food inks is their rheological properties.

321

Fluids can be described by their shear viscosity versus shear rate profile, which a simple

322

mathematical model can often describe:

323

(𝛾) = K𝛾n-1

(1)

324

Here, ɳ is the apparent shear viscosity (Pa s) and 𝛾 is the shear rate (s-1). Whereas K is the flow

325

consistency index and n is the flow behaviour index. The flow consistency index measures how

326

viscous a fluid is, and the flow behaviour index describes how the viscosity changes when it is

327

sheared. For n = 1: the viscosity does not depend on shear rate; for n <1: shear thinning occurs

328

where the viscosity decreases with the shear rate, and for n > 1: shear thickening occurs where
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329

the viscosity increases with shear rate. Typically, strongly shear-thinning fluids are most useful

330

as printing inks because they will easily flow when a force is applied during extrusion and will

331

flow slowly after they have been deposited onto the printing platform (Liu et al. 2018), which

332

provides time for gelation to occur using a suitable mechanism (Wang et al. 2018).

333

Edible materials that exhibit plastic-like behaviour are particularly suitable for food inks (Pérez

334

et al. 2019). This type of material behaves like a solid below a critical applied stress but like a

335

fluid above this value. This critical stress above which flow first begins is the yield stress, which

336

is a particularly important parameter for food inks. To a first approximation, the rheological

337

properties of plastic material can be described by two equations that apply below and above the

338

yield stress. Under shear conditions, these equations are:

339
340

= G
.

(for Y)

(2)

(for Y)

(3)

341

Here,  is stress,  is the shear rate or rate of strain, G is the shear modulus, ɳ is the shear

342

viscosity above the yield stress, and Y is the yield stress. The above equations describe the

343

rheological properties of an ideal plastic material. In practice, food materials often exhibit non-

344

ideal plastic behavior and so more sophisticated equations. For example, some flow may be

345

observed over a range of shear stresses rather than at single yield stress, or the viscosity may

346

depend on the shear rate above the yield stress.

347

The rheological properties of materials must be carefully controlled when designing food inks.

348

The shear modulus, yield stress, and viscosity are important properties determining its

349

printability. The shear modulus determines the hardness of the final printed material, which will

350

influence its ability to hold its shape as well as its perceived texture and mouthfeel. The yield
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351

stress should be high enough so that the material does not collapse after printing; however, it

352

should also be small enough to be pumped out of the nozzle (Liu et al. 2018).

353

The design and operation of the 3D printer are also important when selecting an

354

appropriate food ink. In particular, the nozzle diameter, nozzle height, nozzle moving speed, and

355

extrusion rate impact the quality and production time for a 3D printed food, as discussed earlier.

356

To produce a wide range of food products from a limited range of 3D inks, it is essential to direct

357

future research towards the formulation, characterization, and application of edible materials

358

suitable for extrusion/solidification. These materials may contain colors, flavors, preservatives,

359

micronutrients, and nutraceuticals, as well as structure-forming components, such as lipids,

360

proteins, or polysaccharides. Emulsion technology, which involves homogenizing oil and water

361

together to form either oil-in-water or water-in-oil emulsions, is particularly suitable for

362

developing the next generation of 3D inks. A major advantage of emulsions is that oil-soluble,

363

water-soluble, and amphiphilic functional ingredients can all be incorporated into the same

364

system so that multifunctional 3D inks can be created.

365

Opportunities of 3D food printing

366

Customization

367

Food choices are based on personal preferences, influenced by various factors, including

368

geography, culture, gender, health status, lifestyle, and age (Sun, Peng, Zhou, et al. 2015).

369

Therefore, identifying new approaches that maximize the customization of consumer preferences

370

while catering to their dietary needs is becoming increasingly important. One of the ways this

371

can be achieved is by altering the composition and structural organization of foods using 3DP
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372

(Dankar, Haddarah, et al. 2018). About 1 in 4 people above the age of 50 are reported to have

373

difficulty chewing and swallowing food, which often makes it difficult to obtain the nutrients

374

they require to stay healthy through commercially available food choices (Sun, Peng, Zhou, et al.

375

2015; Hamilton, Alici, and in het Panhuis 2018). As an example, research by the Netherlands

376

Organization for Applied Scientific Research (TNO) aimed to print customized pureed foods that

377

provide all the nutritional requirements of the elderly (Dankar, Haddarah, et al. 2018). 3DP of

378

foods could also benefit people with certain health conditions, such as food allergies, diabetes,

379

heart disease, hypertension, and compromised immune systems (Dankar, Haddarah, et al. 2018).

380

3D printers can be used by people at home or in institutions (such as care facilities) to create

381

foods that meet their individual nutritional needs depending on their health status. For instance,

382

foods could be printed that contain specific combinations of nutrients (fats, proteins,

383

carbohydrates), micronutrients (vitamins or minerals), or nutraceuticals (carotenoids,

384

curcuminoids, or polyphenols). Customization can be enhanced with the availability of diverse

385

food inks and printing software to expand its applications.

386

Past research has investigated the customizability of 3D-printed foods. Derossi et al. created a

387

functional kid snack from fruit puree customized that contained calcium, iron, and vitamin D.

388

The study aimed to create nutritional snacks for children ages 3-10 that would meet their

389

nutritional requirements and would be in a form that they found desirable to consume. The

390

researchers created a food formulation and evaluated the rheological and other physicochemical

391

characteristics required to print the personalized snacks successfully. Although consumer studies

392

were not performed on any of the snacks, the ability to create a food formula and print it

393

effectively provides a strong foundation for further research (Derossi et al. 2018).
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394

In other applications, researchers have successfully produced fiber-enriched printable snacks in

395

the shape of butterflies using mushrooms as a fiber source and a material extrusion as a printing

396

technology (Keerthana et al. 2020). It was reported that dough containing 20% mushroom

397

powder resulted in optimal print quality. Moreover, the possibility of using insect powder as a

398

protein supplement in cereal-based snacks has also been examined (Severini, Azzollini, et al.

399

2018). The researchers formed a dough from mixtures of yellow mealworm flour and wheat

400

flour, which resulted in a significant improvement in the amino acid profile of the snacks without

401

compromising product quality after printing. Studies have also reported the application of 3D

402

food printing as a tool to educate young children about science, e.g., by printing savory spreads

403

(Vegemite and Marmite) on “breadboards” as edible circuits (Hamilton, Alici, and in het Panhuis

404

2018).

405

Sustainability

406

Food waste is a critical problem that occurs at every step of the food supply chain and reduces

407

the sustainability of global food production. As much as half of all food grown across the globe

408

results in a postharvest loss (Papargyropoulou et al. 2014). Avoidable food waste includes food

409

that is still edible but wasted because it is no longer considered desirable (Papargyropoulou et al.

410

2014), are still safe to consume, and leftovers from prepared meals. In developing and

411

underdeveloped countries, food waste is generated due to inefficient supply chain and inadequate

412

distribution systems. 3D food printing can be used to address these problems in several ways.

413

3D printing technology can be utilized to print the food on-demand and in precise quantities

414

using shelf-stable food inks with extended shelf lives, such as powders and pastes (Feng, Zhang,

415

and Bhandari 2019; Jiang et al. 2019). Additionally, 3DP foods can reduce the amount of
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416

packaging materials required by the food industry (Godoi, Prakash, and Bhandari 2016;

417

Galdeano 2015; Jiang et al. 2019). Food ink cartridges can be re-used, thereby encouraging

418

recycling and further reducing waste. Many researchers have been engaged in sustainable

419

packaging materials, such as edible films made from proteins, polysaccharides, lipids, and their

420

composites, that can be used to reduce the environmental impact associated with the storage of

421

foods (Jiang et al. 2019). These edible films can store food inks, thereby reducing their

422

environmental impact. Alternatively, 3D printing technology can also be used to create these

423

edible films. Cellulose is one of the most promising materials for creating edible films due to its

424

abundance, affordability, biodegradability, and properties (Escursell, Llorach-Massana, and

425

Roncero 2021). Previous research has shown that 3D printed foods can reduce the cost and

426

energy associated with food storage, transportation, and distribution (Galdeano 2015).

427

Another area where the application of 3DP may have environmental benefits is the production of

428

plant-based alternatives to animal-based products, such as meat, fish, egg, and dairy products.

429

Indeed, livestock production is a major source of greenhouse gas emissions, land use, water use,

430

pollution, and biodiversity loss (“Sources of Greenhouse Gas Emissions”; K. Handral et al.

431

2020). Consequently, replacing animal-based foods with plant-based versions could have a major

432

environmental impact. The application of 3DP is exploring high-quality meat analogs from food

433

inks containing alternative proteins such as those derived from plants, microbes, or insects

434

(Portanguen et al. 2019). In addition, 3D printing could also be used to create cell-based or

435

cultured meat (K. Handral et al. 2020). In this case, the 3D printer is used to form a scaffold that

436

contains living cells taken from an animal. These cells grow and multiply, eventually leading to

437

meat-like structures and textures. This process faces unique challenges concerning appropriate
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438

culture media, stem cells, growing conditions, and traditional challenges such as speed and

439

scalability. The utilization of 3DP to form meat and fish is similar to its application in the

440

biomedical industry to create artificial organs from living cells. Indeed, it uses many concepts

441

and techniques first developed in this field. a significant potential of the 3DP technology, further

442

research is needed to explore successful applications.

443

Shelf life and food safety

444

The safety and shelf life of foods are determined by the potential of microbial growth,

445

contamination with toxins, quality degradation, and nutrient loss. Many intrinsic or extrinsic

446

factors affect the shelf life of foods (Jiang et al. 2019). The intrinsic factors include the nutrient

447

profile, structural organization, water activity (aw), pH, redox potential, and preservative content

448

of foods. In contrast, the extrinsic factors may include storage temperature, relative humidity,

449

oxygen levels, and environmental microorganisms.

450

The shelf life of powders used as 3D printing materials could be relatively long because of their

451

low water activity, inhibiting microbial growth and chemical reactions. Conversely, the shelf life

452

of pastes used as food inks could be limited due to their relatively high-water activity.

453

Nevertheless, the shelf life of pastes can be extended using various processing techniques such as

454

thermal processing, pH control, cold storage, or the introduction of preservative systems. As an

455

example, it has been reported that the optimal pre-print formulation of a mushroom-based food

456

ink had a relatively low water activity (0.6-0.66), indicating that food safety can be managed by

457

controlling food formulation. However, it should be noted that very little research has been

458

carried out on the safety of 3D printed foods. One study reported that bacterial levels of 4.28 Log
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459

CFU/g were found in the food inks used, which indicates that the process of 3DP requires

460

sanitization methods (Severini, Derossi, et al. 2018).

461

Therefore, there is a need for more research to evaluate the safety of 3D-printed foods. In

462

particular, it will be essential to identify the factors impacting the safety of food inks and

463

possible contamination of the 3D printer so that successful strategies can be developed to

464

improve their storage and cleaning (Zhang et al. 2021). For the commercial food manufacturing

465

application of 3D printing technology, further research in developing effective cleaning and

466

sanitation procedure is essential. This begins with the sanitary design of the commercial 3D

467

printer. The commercial 3D food printed must be manufactured with high-quality, food-grade

468

stainless steel material. The equipment must be manufactured in such a way to avoid rough

469

surfaces, unnecessary curves and turns, dead legs and must include sanitary welding when

470

necessary. Such a 3D printer must be equipped with an automatic Cleaning-In-Place (CIP)

471

system with sanitary valves that effectively clean the lines, pipes, nozzles, and other hard-to-

472

clean surfaces. The cleaning and sanitation chemicals' type, concentration, and flow rate must be

473

explicitly validated to the kind of food inks used. The effectiveness of the CIP system must be

474

verified by collecting and monitoring the microbial swabs data. Additionally, the COP (cleaning

475

out of place) system must be defined for the food contact surfaces that the CIP system cannot

476

reach. A comprehensive food safety plan must be prepared by conducting a hazard analysis of

477

each process during 3D printing operations. The critical control points must be identified, and

478

critical limits must be determined, monitored, and verified to ensure the safety of food produced

479

through the novel manufacturing process. Overall, further understanding of food safety and
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480

quality procedures is essential for further development and expansion of 3D food printing

481

applications, including at home, restaurants, institutions, and astronauts on space expeditions.

482

3D Printing in Space

483

Non-food Applications

484

An important application of 3DP technology is in the space industry. This includes its

485

application for printing parts and components of a spacecraft before and during a mission. On-

486

the-ground applications of 3DP technology for the space industry have several advantages

487

including its ability to rapidly produce specialized parts for space crafts and space suits.

488

Moreover, it can be used to create prototypes for research purposes, which can significantly

489

reduce the cost and time associated with the design, development, testing and application of new

490

components (Sacco and Moon 2019). Furthermore, space voyages have limited access to

491

resources therefore 3DP may enhance self-sustainability through on-demand printing.

492

Researchers have been studying printing with metal and polymer materials for in-space

493

applications. Creating spare parts on demand allows for adaptive and rapid responses to

494

unforeseen circumstances. Although various 3D printing technologies can be used for space

495

applications, some can even print in a zero-gravity environment with little difference in quality

496

from those printed on the ground (Sacco and Moon 2019). The International Space Station (ISS)

497

has utilized two different 3D printers: 3DPrint and Additive Manufacturing Facility which has

498

printed at least 115 parts in orbit (Johnson 2019). The research on non-food applications

499

highlights the potential of 3DP technologies in space.
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500

Food Applications

501

Space food should be compact, lightweight, easy to store, and convenient to eat. Early space

502

expeditions, including the Mercury and Gemini missions, focused on food research and

503

development to deliver calorie-dense, nutritious, and palatable foods (Cahill and Hardiman 2020;

504

Jiang et al. 2019). Initially, the food was packaged in tubes or bite-sized cubes, but retort

505

pouches, cans, and food bars were developed later. These foods were relatively safe and

506

nutritious but were often unappealing. Moreover, the initial space missions were relatively short

507

flights, and therefore the unappetizing nature of the food could be endured, but the need for more

508

advanced space food for more extended missions was recognized (Perchonok and Bourland

509

2002). In these longer missions, food safety and shelf life are additional challenges. Foods taken

510

on a mission to Mars require at least five years of shelf life (Jiang et al. 2019; Cahill and

511

Hardiman 2020). A recent study reported that only 7 out of 65 (<11%) thermostabilized foods

512

tested for their potential utilization in space missions were palatable after 5 years of storage

513

(Jiang et al. 2019). Consequently, new approaches are required to create a diverse range of space

514

foods with expected shelf-life requirements. Additionally, desirable food products should also

515

supply essential nutrients for astronauts to stay healthy during long-term missions. But the

516

limited amount of storage space on a spacecraft restricts the amount of ingredients and food

517

processing/ preparation equipment that can be brought on a mission. Food is not only essential to

518

the physical health of astronauts; it is also important for their mental health. Research has found

519

that the mental health of astronauts is strongly impacted by the quality and diversity of foods

520

available. In particular, foods’ limited variety or palatability can increase stress (Sirmons et al.

521

2020).
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522

3D food printing can create a wide range of customized foods from a small range of food inks.

523

The potential applications of 3D food printing in space have been highlighted by several

524

researchers, but little actual research has been reported (Hamilton, Alici, and in het Panhuis

525

2018; Liu et al. 2017; Joshi and Sheikh 2015; Jiang et al. 2019). NASA has funded research to

526

explore the utilization of 3D food printing to overcome problems with micronutrient degradation

527

from dried and prepackaged foods (Irvin and Prouty; Torrez, Douglas, and Irvin 2013; NASA

528

2019). In 2013, a project was carried out to design protein and starch pastes with varying textures

529

and demonstrate test recipes, including a nutritionally appropriate blend of protein, starch, fat,

530

flavors, and micronutrients. In addition to food design, the project also examined the design of a

531

storage system to preserve and transport the nutrients, a mixing station that worked in low or

532

microgravity, and a modified 3D printing system. Phase I of the project was completed and

533

demonstrated a cheese pizza created by a prototype food printer (Irvin and Prouty; Torrez,

534

Douglas, and Irvin 2013). Researchers have identified research opportunities to advance 3D food

535

printing for in-space applications and have highlighted the advantages such as nutritional

536

stability, shelf life, and acceptability of meals availability on space missions (Liu et al. 2017).

537

Printing food for space is often mentioned in future work sections or conclusions as a potential

538

application (Hamilton, Alici, and in het Panhuis 2018; Liu et al. 2017; Joshi and Sheikh 2015;

539

Dankar, Haddarah, et al. 2018). Nevertheless, more systematic research is necessary for this

540

area.

541

Potentially, several aspects of food in space can be improved using 3D printing technology.

542

Currently, food developed and packaged for space has a limited shelf life, typically only lasting

543

for about three years, as shown in table 3 (Jiang et al. 2019). The potential to make powdered
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544

shelf-stable ingredients can decrease the risk of spoilage of the raw materials in space. The

545

environment on a spacecraft can be carefully controlled, allowing for regulated extrinsic factors

546

that affect shelf life, such as temperature, relative humidity, and oxygen levels. Intrinsic factors

547

can then be tested for the optimum compositions to extend shelf life. Alternative protein sources

548

could also create meat-like products with good shelf life and quality. These proteins could be

549

stored as powders and then printed into a range of desirable products when needed. Nevertheless,

550

ensuring the shelf life and safety of food inks and 3D printed foods is critical. As discussed in

551

previous sections, more research is required in order to study the food safety and shelf life of

552

food inks and 3D printed foods.

553

Currently, 3D food inks need to be prepared and packaged on Earth. However, there is potential

554

to grow some of the materials used in food inks aboard a spacecraft using agricultural or

555

fermentation technologies (Cahill and Hardiman 2020; Cohu et al. 2014; Finetto, Lobascio, and

556

Rapisarda 2010; Menezes et al. 2015). Which then could be utilized as food ink for 3D food

557

printing. A proposed manned mission to Mars suggests a 2.5-year voyage. Each crew member

558

requires about 1.83 kg of food mass per day, thus for a 916-day mission with six crew members,

559

at least 10,060 kilograms of food mass would be required (Menezes et al., 2015). Grown food

560

could be processed onboard, thereby expanding the food options further. The diversity in food

561

prepared using 3DP technology can improve the mental and physical health of the astronauts by

562

increasing their dietary choices, adding shapes and colors, and bringing the familiarity of fresh

563

ingredients.

564

Sustaining the health and wellness of astronauts during long space voyages is critical. 3D

565

printing could customize the nutritional profiles of foods intended for each astronaut, depending
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566

on their precise dietary requirements. Nutrients could be stored in the form of powders that could

567

be used to fortify 3D printed foods. These powders could be formed by spray drying nutrient-

568

enriched emulsions or nanoemulsions specially designed to increase the bioavailability of the

569

vitamins, minerals, and nutraceuticals they contain. Foods can be tailor-designed to meet the

570

daily nutritional requirements of all the astronauts and meet the personal nutrition requirements

571

of each astronaut (Cahill and Hardiman 2020). Currently, dietary supplements ensure that

572

astronauts meet nutritional requirements needs. However, the bioavailability of the

573

micronutrients in supplements is often relatively low, which means their health benefits are not

574

being fully realized. Incorporating these nutrients directly into astronauts' meals could

575

significantly improve their bioavailability. (Cahill and Hardiman 2020).

576

Potential for Space Dining

577

In principle, 3D printing has many advantages for application in space missions since a wide

578

variety of foods can be produced from a limited range of ingredients. However, much of the

579

work in this area has been rather abstract. Research on food printing has not focused on

580

producing entire meals or creating long-term balanced diets. Instead, researchers have typically

581

focused on building individual parts of meals, such as mashed potatoes, cookies, or fruit snacks

582

(Liu et al. 2018; Derossi et al. 2018; Dankar, Pujolà, et al. 2018; Yang et al. 2018). This is

583

mainly because these foods can most easily be printed with existing 3D printing technologies and

584

food inks. This section highlights 3DP technology and the food ink requirements using a

585

hypothetical example of a meal designed for astronauts. Such an application will require the

586

spaceship to be equipped with an extrusion-based 3D printer with multiple nozzles (single or

587

coaxial) to simultaneously print several different 3D inks. Moreover, the nozzle's temperature,
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588

diameter, and position would need to be controlled (which could be achieved by having a series

589

of different nozzles that can be automatically changed).

590

For example, several parameters need to be considered for printing a typical breakfast consisting

591

of egg (sunny side up) with bacon and toast (Figure 3). The egg consists of an irregular disk

592

shape with a yellow viscous fluid in an opaque white gel. In principle, the egg white could be

593

printed by extruding a solution of heat-set proteins, such as egg, whey, or soy proteins, through a

594

nozzle onto a hot plate. The protein solution's concentration and mineral composition must be

595

carefully controlled to produce a gel with the required optical, textural, sensory, and nutritional

596

properties. The hot plate would have to be held above the thermal denaturation temperature of

597

the proteins used to allow the protein to denature, aggregate, and form a gel. On the other hand,

598

the egg yolk could comprise an oil-in-water emulsion with carotenoids (for color and eye health)

599

in the oil phase and proteins, polysaccharides, and minerals (for texture and nutrition) in the

600

aqueous phase.

601

The other breakfast component, the bacon, should be thin and crispy with fatty and meaty

602

regions that have a whitish and pinkish color, respectively. This kind of material may be printed

603

by having two nozzles, one containing a fat-rich 3D ink and the other with a protein-rich 3D ink.

604

The fatty regions in the bacon could be printed using a fat-rich ink consisting of a heat-set oil-in-

605

water emulsion containing large fat droplets (to simulate adipose tissue) suspended in an aqueous

606

phase containing heat-set proteins or other types of gelling material. The meaty regions in the

607

bacon could be printed using a protein-rich ink consisting of heat-set proteins dissolved in water,

608

along with dyes, flavors, and salts to provide the desired appearance, texture, and flavor profile.

609

Powdered meat or plant-based proteins could be used for this purpose.
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610

The final component of the breakfast, the bread, could be printed using a starch-based 3D ink

611

that forms a heat-set gel when it is extruded onto a hot plate. Alternatively, starch-based inks

612

could be used that gel at room temperature forming a bread-like structure, then baked using a

613

heating device to produce toasted bread. So far, the most common starch printed is potato starch,

614

often in the form of mashed potatoes. Most researchers have printed it at room temperature,

615

while some have included a post-processing step.

616

In this scenario, each food item requires the utilization of food inks that contain different

617

ingredients. With current technology, it would be necessary for someone to prepare each of the

618

inks and then feed them into the 3D printer. For instance, a separate powder could be utilized to

619

prepare each food ink by mixing it with water. In the future, it may be possible to create a limited

620

number of powders that are mixed in different combinations to create a wide variety of food inks

621

with other attributes. Moreover, this process could be fully automated. The astronaut would just

622

enter the type of food that was required, and then the computer attached to the 3D printer would

623

determine the best combination of different powders to mix together to obtain the necessary final

624

properties for each food ink. However, further research is required to identify the minimum

625

number of powders used and their compositions and properties. Another key issue would be the

626

time required to print the food and then clean and sanitize the 3D printer afterward. As discussed

627

earlier, this depends on the number and type of food inks used and the 3DP operating parameters,

628

such as extrusion rate and nozzle size, shape, speed, and height.

629

Future Research Needs for Space Foods

630

3D food printing has great potential for space applications. However, much more research is

631

required before its potential can be fully realized. For example, the effects of zero-gravity,
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632

limited space, and long-term storage need to be assessed. Material extrusion printers widely used

633

for on-ground food printing must be faster, more accurate, and more versatile for space food

634

applications. In particular, for in-space printing of complex foods, further research is required to

635

develop multiple extruder printers with multiaxial feeds that can handle various food inks

636

simultaneously. Current extrusion printers typically rely on air pressure to extrude materials

637

through nozzles. However, for in-space printing, the safety and temperature of the airflow system

638

need to be evaluated. Indeed, it may be more advantageous to utilize electrical-driven pumps for

639

this purpose. The printer's compatibility with in-space environmental temperature also needs to

640

be assessed for the storage, extruder, print bed, printer enclosure, operational accuracy, quality,

641

and food safety.

642

Further research is also needed to understand food inks' structure-function relations better. For

643

instance, the relationships between composition, physicochemical properties, functional

644

attributes, nutritional profile, and sensory properties of 3D printed foods need to be elucidated.

645

Furthermore, the potential degradation of nutrients and other components in food inks over time

646

needs to be studied, and effective methods of inhibiting degradation identified to allow for the

647

consistent formulation of healthy and desirable foods throughout the mission. More studies are

648

also needed to determine the origin of the specific nutritional requirements of different astronauts

649

so that foods personalized for each one’s individual needs can be formulated and printed.

650

Notably, much more research is required on the safety aspects of 3D printed foods. Studies are

651

needed to identify potential food safety hazards, develop effective strategies to mitigate these

652

hazards, to create 3D food printers and food inks that remain safe throughout the mission.

653

Potential food safety hazards could be in the form of biological, chemical (including allergens),
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654

or physical hazards, and could be from food-ink preparation on earth, contamination during

655

travel, printing in space, improper sanitization of equipment, as well as storage of inks in space

656

(Devlieger et al. 2016). A robust food safety plan for the processing, transportation, and storage

657

of food inks will be critical on earth and in space. Similarly, sanitary design of the printers,

658

protocols for their effective cleaning and sanitation, and reliable safety verification strategies

659

need to be developed.

660

Conclusion

661

Food printing has already been successfully used to create various kinds of foods from many

662

different types of edible materials (food inks). Nevertheless, numerous hurdles still need to be

663

overcome before it is routinely used for food production on earth and in space. In this article, we

664

highlighted the potential of 3D food printing for space applications. One of the biggest hurdles

665

for more extended space missions is the limitations on how much food and processing equipment

666

can be carried. Having a diverse range of delicious and nutritious foods is essential to astronauts'

667

physical and mental health. 3D food printing has great potential to create these types of foods

668

under the stringent constraints required for space missions. But research and innovation are still

669

needed to improve and optimize 3D printing technologies and food inks to produce a wide range

670

of delicious, healthy, and safe foods.
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909

Table 1. Currently available 3D Printing Processes (“Additive Manufacturing Research Group |

910

Loughborough University”; Calignano et al. 2017; “3DEXPERIENCE Platform”; Gibson,

911

Rosen, and Stucker 2015)
Printing Process

Technology

Advantages

Vat
Stereolithography
Photopolymerization
(SLA)
(VP)
Material Jetting (MJ)

Inkjet

Binder Jetting (BJ)

-

Powder Bed Fusion

Selective Laser

(PBF)

Sintering (SLS)
Fused Deposition

Material Extrusion
Modeling (FDM)
Directed Energy
Deposition (DED)

-

Accurate
High resolution
Versatile
Accurate
Speed
Full color
Speed
Range of colors
Large build
volumes
Complex parts
Recyclable
powder
Functional parts
Good mechanical
properties
Complex
geometry
Range of materials
Range of price
Accessible
Easy to use
Good for repairs
Speed
Fully dense parts
Large build area

Laminated Object
Sheet Lamination (SL)

Manufacturing
(LOM)

-

Low material cost
Large build area
Easy material
handling

Limitations
-

Structurally weak
Expensive
Lengthy
postprocessing
Limited materials

-

Expensive
Structurally weak
Limited materials

-

Structurally weak
Low resolution

-

Speed
Expensive raw
materials
Rough surface
finish
Accuracy
Speed

-

-

Complex
technology
Accuracy
Low resolution
Limited geometry
Low resolution
Material waste
Lengthy
postprocessing

912
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913

Table 2. Currently available 3D Food Printing Processes

Printing
Processes
Materials

Material Jetting

Binder Jetting

Powder Bed Fusion

Material Extrusion

Cake icing, low
viscosity toppings

Powdered materials:
sugar, chocolate

Material
Properties

Compatibility,
rheological
properties: viscosity,
surface properties

Liquid binder,
powdered materials:
sugar, starch, corn
flour
Density, flowability,
particle size,
wettability, rheological
properties, surface
properties,

Proteins, fruit and
vegetable purees,
starches, emulsions,
gelatin
Rheological
properties: viscosity
and flow behavior

Printing
Properties

Temperature, printing
rate, contact angle

Head type, printing
velocity, nozzle
diameter, layer
thickness, resonance
frequency

Laser type, laser
diameter, laser power,
scanning speed

Extrusion rate, layer
height, nozzle
diameter, nozzle
height, temperature

Advantages

Fast, full color

Fast, complex
geometry, full color

Complex geometry

Range of materials,
accessible,

Disadvantages

Limited to 2D designs Limited materials

Density, flowability,
particle size,
wettability

Slow, limited materials Slow

Prints*

Reference
*Images from websites: Material Jetting – foodjet.com(“FoodJet” 2020), Binder Jetting - brill3dculinarystudio.com
(3D Systems), Powder Bed Fusion – candyfab.org (Oskay and Edman 2009), Material Extrusion –
naturalmachines.com(Natural Machines)
914
915
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916

Table 3. Currently Utilized Food Processing Technology (adopted from Jiang, Zhang and

917

Bhandari)(Jiang et al. 2019)

918
Process

Previous
advance food
technology
(AFT)

Earliest
Application

Freeze-drying

Mercury
(1961-1963)

Retort
thermostabilization

Apollo (19681972)

Irradiation

Apollo (19681972)

Pressure assisted
thermal sterilization
(PATS)
Emerging
joint thermal
technology

Advantages
Odor, color and
flavor of food is
usually natural; light
in mass
Good taste, easy to
eat and less residue
Using a certain dose
of ionizing radiation
to destroy the
microbial structure
of food

Still in the
development
stage

Less damage to
vitamins A and C,
thiamin, and folic
acid

International
Space Station
(2000-present)

Can customize
according to the
nutritional needs of
different people;
reduce mass needed
for food

Microwave assisted
thermal sterilization
(MATS)

On-orbit food
preparation
technology

3D printing

Limitations
High cost, about
four times more
than conventional
dehydration
The added weight
of package is large
Irradiated food
may have some
undesirable
sensory
characteristics
May have a
negative effect on
meat color; may
exacerbate certain
biochemical
reactions leading
to indirect nutrient
destruction
Non-uniform
distribution of
electromagnetic
field; possible
edge overheating
effect
Printable materials
need to be
developed in
depth; need to
develop faster and
more accurate
printer

Shelf-life

1.5-2.5 years

2-3 years

2-3 years

References

(Perchonok and
Douglas 2018;
Casaburri, Gardner,
and George 1999;
Perchonok
et al. 2012; Lane et
al. 1995;
NASA 1995)

Target for 5
years shelf life

(Maya, Grace, and
Michele 2015;
Michele 2011;
Perchonok 2014;
Perchonok and
Douglas 2018;
Barbosa-Cánovas
et al. 2014;
Balasubramaniam et
al. 2016)

Product has no
long shelf life
requirements

(Liu, Min, Bhandari,
and Yang 2017; Liu,
Min, Bhandari, and
Wang 2017)

919
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920

Figure Captions

921

Figure 1. Four of the seven 3D printing processes: A) Material jetting, B) Binder jetting, C)

922

Powder bed fusion, D) Material Extrusion (Dassault Système)

923

Figure 2. Three of the seven 3D printing processes: A) Vat photopolymerization (top-down), B)

924

Directed energy deposition (Dassault Système), C) Sheet lamination (“Sheet Lamination|

925

Additive Manufacturing Research Group | Loughborough University” 2019).

926
927
928

Figure 3. 3D modelled breakfast of bacon, egg and toast to demonstrate a potential 3D created
meal
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